INTRODUCTION
A central goal in studies of ocean carbon cycling is to understand how plankton growth influences ecosystem productivity and elemental cycles. In oligotrophic ocean gyres, diverse assemblages of picoplankton (≤2 µm in diameter) comprise a dominant (> 70%) fraction of total plankton biomass (Li et al. 1983 , Fuhrman et al. 1989 , Caron et al. 1995 , Gasol et al. 1997 , Zubkov et al. 2000 , Laws 2003 . These the processes controlling ocean carbon cycling over time scales ranging from seasonal to decadal. The use of time series measurements to constrain rates of plankton production at both Stn ALOHA and the 'Bermuda Atlantic Time-series Study' (BATS) have increased our understanding of ecosystem variability in open ocean ecosystems (Michaels et al. 1994 . At Stn ALOHA, photoautotrophic biomass (chlorophyll a [chl a]) is low (<1 mg m -3 ) and photoautotrophic carbon fixation can be measured as deep as 125 m . Despite considerable efforts to understand temporal variability in photoautotrophic production at Stn ALOHA, the data needed to assess the variability in heterotrophic activity are still limited (Church et al. 2004 , Williams et al. 2004 .
Several methods have been developed and applied for measuring heterotrophic production in the marine environment; two of the most commonly used techniques are incorporation of [methyl- 
leu). Typically, both of these assays of heterotrophic production are conducted in darkened incubation vessels to separate heterotrophic and autotrophic metabolisms; however, the recent discoveries of novel bacterial phototrophic physiologies suggest that diverse groups of marine bacterioplankton might depend on or subsidize their metabolic energy requirements using sunlight (Béjà et al. 2000 , 2001 , 2002 , Kolber et al. 2000 , 2001 .
In a previous study at Stn ALOHA, we observed that picoplankton incorporation of 3 H-leu demonstrated a response to irradiance (Church et al. 2004) . We attributed the enhancement of 3 H-leu incorporation by irradiance to heterotrophic assimilation of 3 H-leu by Prochlorococcus spp. Because photoautotrophic biomass at Stn ALOHA is dominated by Prochlorococcus spp., facultative heterotrophy by oxytrophic prokaryotes has the potential to complicate interpretation of heterotrophic productivity assays in this region. In the present study, we further examine time-dependent changes in rates of 3 H-leu and 3 H-TdR to assess the processes that control heterotrophic production at Stn ALOHA. The objectives of this work were to evaluate the temporal dynamics of H-TdR demonstrate a photoresponse similar to rates of 3 H-leu incorporation. H-TdR assays were incubated alongside 14 C-primary production ( 14 C-PP) assays on a free-floating in situ array. The inoculated 40 ml polycarbonate tubes were attached to a surface tethered array; triplicate dark treatments were placed in opaque cloth bags and also attached to the array at the appropriate depth; both temperature and pressure in the light and dark treatments were identical. Samples were incubated from dawn to dusk (mean duration = 12.5 h, range 11.5 to 13.5 h). To terminate incubations, samples were filtered under subdued light onto 0.2 µm mixed cellulose ester filters (Kirchman et al. 1985 , Kirchman 2001 and rinsed 3 times with ice-cold 5% trichloroacetic acid (TCA) and 3 times with ice-cold 80% ethanol (EtOH) , or stored frozen in glass Vacutainers for processing in the laboratory.
MATERIALS AND METHODS

Study
Separation of protein and nucleic acids. Samples from 5 of the cruises were processed following a modification of the Schmidt-Thannhauser procedure as described in Karl (1982) . This procedure was designed to separate the cold TCA insoluble materials into DNA and protein subfractions. Briefly, the modified Schmidt-Thannhauser procedure involved an initial solubilization of the filters in an ice-cold slurry containing 5 ml of 90% ice-cold acetone, 2 mg ml -1 RNA, DNA, and protein (as bovine serum albumin), and 10 mg diatomaceous earth as a centrifugation aid. Samples were spun in a refrigerated (2°C), bench-top centrifuge at 1500 × g for 10 min, the supernatants were removed, and the pellets were washed with 5 ml of ice-cold 5% TCA. Pellets were vortex mixed and this process was repeated 3 times with 5% TCA, and 3 times with ice-cold 95% EtOH. After the third EtOH rinse, samples were dried, and the pellets were resuspended in 2 ml of 5% TCA and boiled for 30 min to hydrolyze nucleic acids. The pellet was centrifuged and a 0.5 ml subsample of the TCA supernatant was removed and counted by liquid scintillation for determination of the activity of 3 H-label incorporated into planktonic DNA. The remaining TCA supernatant was aspirated, and the pellet rinsed an additional 2 times with 95% EtOH, discarding the supernatant after each rinse. The pellet was then dried and 2 ml of 1 mol l -1 NaOH were added to each sample. Samples were incubated at 37°C for 18 h after which the tubes were centrifuged and base solubilized proteins were removed from each tube and placed in scintillation vials for radioactivity counts on either a Packard Tri-Carb 4640 or a Packard Tri Carb 2770 TR/SL liquid scintillation counter (Packard Instruments) using external quench standards and luminescence correction.
Photoautotrophic production, chl a, and picoplankton abundances. Estimates of euphotic zone primary production were based on depth profiles of photosynthetic assimilation of H 14 CO 3 -as described in Letelier et al. (1996) . Briefly, triplicate 500 ml polycarbonate incubation bottles were filled from 6 depths (5, 25, 45, 75, 100, 125 m) directly from the CTD rosette sampling bottles. Each incubation bottle was carried into a radiation van, and under subdued light 0.05 to 0.1 µCi ml -1 (final activity) of NaH 14 CO 3 was added to each bottle. The triplicate bottles were incubated from dusk to dawn on the same in situ array used for the 3 H-leu and 3 H-TdR assays. At the end of the daylight period, the array was recovered and incubation bottles were transferred to the radiation van for processing. To determine the total 14 C activity added to each incubation bottle, 200 µl of seawater was withdrawn from each bottle and placed in a scintillation vial containing 500 µl of β-phenylethylamine (Sigma-Aldrich). The remaining sample volume was filtered onto 25 mm GF/F (Whatman) and frozen until analyses in the laboratory. In the shore based laboratory, filters were acidified with 1 ml of 2 mol l -1 HCl and vented for 24 h to remove 14 C-HCO 3 -, followed by addition of 10 ml Aquasol II scintillation cocktail. Radioactivity was counted using a liquid scintillation counter. Photosynthetic rates were calculated using measured total inorganic carbon concentrations to derive the isotopic dilution of the H 14 CO 3 -into seawater inorganic carbon pools.
Fluorometric determinations of chl a followed the protocol described by Letelier et al. (1996) ; briefly, 125 ml seawater samples were collected in amber polyethylene bottles from the same hydrocasts as the productivity assays, and plankton biomass was concentrated by vacuum filtration onto 25 mm diameter GF/F filters (Whatman). Filters were extracted in icecold 100% acetone, stored at -20°C in the dark for 7 d, and chlorophyll concentrations were determined using a Turner Model AU-10 fluorometer.
Picoplankton cell abundances were determined based on flow cytometry analyses using methods described in Campbell & Vaulot (1993) . Seawater samples collected from the same hydrocasts as the productivity assays were placed in 1 ml Cryovials (Corning) containing 0.02 ml of 10% paraformaldehyde, quick frozen in liquid nitrogen, and stored at -80°C until analyzed. Samples were thawed and stained for 2 h with the DNA fluorochrome Hoechst 33342 prior to analysis (Monger & Landry 1993) . Abundances of Prochlorococcus spp., Synechococcus spp., and nonchlorophyll containing picoplankton (heterotrophic Bacteria and Archaea) were determined using a Coulter EPICS or a Beckman-Coulter Epics ALTRA dual laser (1 W 488 nm and 225 mW UV) flow cytometer. Data on forward-angle light scatter, side scatter, red fluorescence, orange fluorescence, and blue fluorescence were collected, and particle optical properties were converted to cell abundances using the software CYTOPC (Vaulot 1989) .
Light measurements. Measurements of photosynthetically available radiation (PAR) to the surface ocean were determined on the same days that the productivity assays were conducted using a shipboard LI-COR (LI-200) pyranometer. Surface light fluxes were binned into 10 min intervals and integrated over the photoperiod. The depth of distribution of light attenuation in the euphotic zone was determined from vertical profiles of downwelling irradiance using a Biospherical Instruments Profiling Reflectance Radiometer (PRR) as described in Letelier et al. (2004) .
Statistical analyses. One-way analysis of variance (ANOVA) was used to determine statistical differences between the light and dark
ΔLeu (E k ) were derived as described in Sakshaug et al. (1997) (Karl & Lukas 1996) , with deepest mixing (~80 m) during the winter months and shoaling (21 to 60 m) of the mixed layer in the summer and late spring (Table 1) . Surface PAR varied by more than a factor of 2 (17.1 to 58.7 mol quanta m -2 d -1
), consistent with the climatological variance in surface irradiance at Stn ALOHA (Letelier et al. 2004) . The depth of the isopleth corresponding to 1% surface PAR varied between 84 and 119 m, consistently exceeding the depth of the surface mixed layer (Table 1) .
Picoplankton, chl a, and rates of primary production
Picoplankton abundances (defined as non-pigmented prokaryotes, Prochlorococcus spp., Synechococcus spp., and picoeukaryotes) were typical of the climatological distributions and abundances at Stn ALOHA (Fig. 1) . Non-pigmented picoplankton were most abundant in the upper ocean, with cell concentrations averaging ~4 × 10 5 cells ml 1 (Fig. 1A) , and declined below the 0.1% surface PAR isopleth. Prochlorococcus spp. abundance was relatively constant in the upper euphotic zone (averaging 1.3 × 10 5 cells ml -1 ), and declined sharply below the 0.1% surface PAR isopleth (Fig. 1B) . Synechococcus spp. abundance was also relatively constant in the upper euphotic zone (averaging 1.3 × 10 3 cells ml -1 ), with abundances declining beneath the 0.1% surface PAR isopleth (Fig. 1C) . Depth-integrated abundances of Prochlorococcus spp. and non-pigmented picoplankton both varied approximately 3-fold during this study, while Synechococcus spp. abundances varied ~7-fold (Table 1) .
Concentrations and distributions of chl a appeared typical of the climatology measured at Stn ALOHA, with relatively low concentrations of chl a in the surface waters (averaging 0.09 µg chl a l -1 ), increasing to maximum concentrations near the depth of the 1% surface PAR isopleth ( Fig. 2A) . On one cruise (June 2000), chl a in the top 25 m of the euphotic zone reached concentrations of 0.47 µg chl a l -1 , more than 4 times greater than at any other sampling during this study.
Coincident with this large increase in near surface chl a, PAR attenuation during the June 2000 cruise also increased, resulting in the shallowest euphotic zone (84 m) on record at Stn ALOHA (Table 1) . Temporal dynamics in depth-integrated inventories of chl a varied approximately 2-fold during this study, also consistent with the climatological variations in chl a at Stn ALOHA (Fig. 2B) .
With one notable exception recorded in June 2000, rates of 14 C-PP during this study were typical of the time series climatology at Stn ALOHA. Daytime rates of 14 C-PP (including the June 2000 sampling) ranged from 22 to 191 nmol C l -1 h -1 in the top 45 m of the euphotic zone, and from 0.5 to 33 nmol C l -1 h -1 in the lower euphotic zone (75 to 125 m) (Fig. 2C) (Monterey & Levitus 1997) . Non-pig = non-pigmented picoplankton (including Bacteria and Archaea); Pro = Prochlorococcus spp.; Syn = Synechococcus; Peuks = picoeukaryotes; nd = no data available these depths, respectively (Fig. 2C) . Overall, depthintegrated rates of 14 C-PP varied approximately 4-fold during this study (1.91 to 8.22 mmol C m -2 h -1 ), with 14 C-PP averaging 4.1 ± 1.8 mmol C m -2 h 1 , and peak rates observed in June 2000 when the depth-integrated rate of 14 C-PP was 85% greater than 14 C-PP measured during the remaining part of this study (Fig. 2D) . H-TdR assay were always lower than the activity measured in the incubated samples. The ratio of the activity of the Time zero blanks relative to samples ranged between 0.01 and 0.28 (mean = 0.04 ± 0.05), with the Time zero blanks typically greater in the upper euphotic zone and decreasing with increasing depth, consistent with the general trend in sample activity. Daytime rates of 3 H-leu incorporation were elevated throughout the well-lit portion of the upper euphotic zone and generally declined with increasing depth (Fig. 3A,B) . Rates of , and in the lower euphotic zone (>100 m) ranged between 2 and 18 pmol l -1 h -1 (Fig. 3A) (Fig. 3B) .
Rates of
One of the most notable features of the vertical profiles of ) (Fig. 5A) . Below the upper 100 m, ΔLeu rates declined with decreasing irradiance (Fig. 4A) (Fig. 4A) . In the lower euphotic zone, rates of 14 C-PP demonstrated light-dependent patterns similar to those of ΔLeu, with 14 C-PP increasing with irradiance. However, in contrast to rates of ΔLeu, rates of 14 C-PP in the upper euphotic zone continued to increase with increasing irradiance, saturating above an average light intensity of ~14 mol quanta m -2 d -1 (Fig. 4B) . The relationships between in situ rates of ΔLeu and downwelling PAR fluxes were evaluated based on the model of Platt & Jassby (1976) describing photosynthesis as a function of irradiance ( Table 2 ). The initial slope (α) of the relationship between in situ ΔLeu and irradiance varied more than 10-fold among the cruises (Table 2 ), while optimal rates of the ΔLeu incorporation derived from the parameterization of the vertical profiles of ΔLeu and irradiance (ΔLeu opt ) ranged more than 10-fold (1.4 to 34 pmol l -1 h 1 ) ( Table 2 ). These derived rates of ΔLeu opt corresponded to depths varying between 22 and 113 m, and PAR fluxes between 0.34 and 6.2 mol quanta m -2 d -1 (Table 2 ). In contrast to the observed photostimulation of (Fig. 6A) . Depth-integrated rates of , while TdR dark varied from 52 to 217 nmol TdR m -2 h -1 (Fig. 6B) . H-TdR depth profiles from 5 cruises (HOT 114, 115, 116, 124, 137) were subjected to a modified Schmidt-Thannhauser protocol to separate the 3 H label associated with nucleic acids (hot TCA soluble material) and proteins (base hydrolyzable material).
The majority (> 90%) of 3 H-leu incorporated was retrieved with the base hydrolyzable cellular material, presumably reflecting incorporation of the amino acid into protein. On average, 6% of the extracted 3 H-label was retrieved with the hot TCA soluble materials (presumed to be nucleic acid), while the remaining 94% of the label appeared to separate with cellular protein ( , which represented 5 to 31% (mean = 12%) and 3 to 17% (mean = 7%) of the hourly rates of 14 C-PP, respectively (note that 14 C-PP determinations do not include rates of DOC release). Due to the large percentage of non-specifically labeled acid-and base hydrolyzable material measured in the 3 H-TdR incorporation experiments, we did not convert 3 H-TdR incorporation rates into carbon production. Based on the carbon converted rates of 3 H-leu, the implied fraction of 14 C-PP that supports obligate and/or facultative HPP at Stn ALOHA appears to be generally similar to other open ocean ecosystems (Ducklow & Carlson 1992) . For the seasonally oligotrophic Bermuda Atlantic Time series Study (BATS) in the Sargasso Sea, estimated that 2 to 15% of the 14 C-PP fueled HPP. More recently, in a review on bacterial biomass and productivity in open ocean ecosystems including the seasonally oligotrophic Sargasso Sea and the Arabian Sea, Ducklow (1999) estimated HPP was equivalent to 4-26% of 14 C-derived estimates of PP. Recent estimates of gross primary production (GPP) at Stn ALOHA suggest the 14 C-derived determinations of production underestimate gross production by more than a factor of 2 (Williams et al. 2004 , Juranek & Quay 2005 . Such results suggest that HPP corresponds, on average, to a very small fraction (< 6%) of the total carbon produced by photoautotrophic growth, with the vast majority of organic matter production being respired in the upper ocean.
In a previous study at Stn ALOHA, we described the response of 3 H-leu incorporation to light intensity (Church et al. 2004) . We hypothesized that this response derived from photoheterotrophic or mixotrophic incorporation of the amino acid (leucine) by phototrophic picoplankton. Recent cultivation-dependent and -independent techniques suggest that diverse members of the oceanic picoplankton may be capable of mixotrophic and/or photoheterotrophic growth. Included among the list of potential mixotrophic picoplankton are diverse groups of α-, β-, and γ-proteobacteria that encode the light-driven proton pump proteorhodopsin (Beja et al. 2000 (Beja et al. , 2001 aerobic anoxygenic phototrophs (Kolber et al. 2000 (Kolber et al. , 2001 , and facultative heterotrophy by cyanobacteria such as the genera Prochlorococcus and Synechococcus (Zubkov et al. 2003 , Malmstrom et al. 2005 Although various light-driven processes could link light energy and HPP, the observation that rates of 3 H-leu incorporation were stimulated by sunlight while rates of 3 H-TdR were not provides additional information to help constrain possible causative mechanisms of the observed photoenhanced heterotrophic production. Several of the processes that could link (either directly or indirectly) HPP to sunlight include tightly coupled photosynthetic production of labile dissolved organic matter (DOM) and subsequent heterotrophic utilization of this DOM, photoheterotrophic and/or mixotrophic growth by picoplankton, and the photolytic alteration of DOM into biologically labile substrates. If rates of time series observations on Prochlorococcus spp. and Synechococcus spp. abundances at Stn ALOHA revealed no significant depth-dependent differences in the abundances of these cyanobacteria in the upper 75 m of the euphotic zone (1-way ANOVA, p > 0.05), but below the upper 75 m of the water, abundances of both Prochlorococcus and Synechococcus decline significantly (1-way ANOVA, p > 0.05). Thus, if the relative increases in photostimulated
